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I. INTRODUCTION
Microwave measurements of the electrical conductivity of TTF-TCNQI-7 (tetrathiofulvalinium-tetracyanoquinodimethan) are of interest not only as a complement to the dc studies, but also because of possible false results arising from problems of probe placement of anisotropically conducting materials. 7, 8 The usual measurement is performed by placing the samples at an electric field site. 9,10 However, the sample can be placed at a magnetic field site of the microwave cavity and the conductivity inferred from cavity losses 4 ,5 and shifts and, somewhat more indirectly, by the line y only. The time factor exp ( -iwt) applies to all fields. Dielectric effects may be included if we use a complex conductivity tensor with principal values shape observed in electron paramagnetic resonance experiments. 1.2 In this contribution we consider the theory of the behavior of an anisotropically condUcting sample placed in a cavity in the eddy current position, i. e., at an electric field node. Calculations are performed for a very long sample oriented with its length parallel to the rf magnetic field. Cavity losses, shifts, and EPR line shapes are obtained for varying conductivities and sample dimensions. The calculations treat the entire range of rf field penetration from transparency to skin-depthlimited behavior. The analysis should help to clarify the proper applicability of the skin-effect formalism to anisotropic materials. Finally, the predicted results for typical samples of TTF-TCNQ are presented.
II. CALCULATION
We consider eddy currents in a two-dimensional system. This tractable case is best realized physically as a long prism in which demagnetization fields may be neglected. The cross section is taken as rectangular, with edges parallel to the principal axes of conductivity, as shown in Fig. 1 . The applied rf field Ho is taken parallel to the long (z) axis of the prism. In this twodimensional system, Maxwell's equations assume the simple form aE aE . with H = Ho on the boundary. In the above, /J. is the magnetic permeability which we aSSume deviates from the vacuum value only by a small complex contribution X from the spins of interest;
By transforming to dimensionless coordinates
and letting 
we obtain the inhomogeneous equation
with h vanishing on the boundary of the scaled rectangle.
(2)
The fields are found by direct solution in the form of the Fourier series
We find the Fourier coefficients to be 
where A V is the sample volume.
In considering the perturbation of a microwave resonant cavity of frequency Wo and quality factor Q by a small sample, we find it convenient to modify the conventional treatment. 11 Following Altman, 12 we form the quantity
where primes give the fields in the presence of the sample; no primes in the absence of the sample. We deviate from Altman's procedure by performing the integration over the volume of the cavity, excluding the region occupied by the sample. Using Gauss's theorem, we obtain
Finally, introducing the complex frequency substitution12
for wand w', and treating sample effects to lowest order, we obtain the perturbation formula
where U tot is the stored energy in the unperturbed cavity. This is consistent with the representation of the integral of the complex Poynting vector,
as having the usual dissipative part plus an imaginary part proportional to the difference of the average magnetic and electric energies stored in the sample. 12 The cavity shift is given by
Using the previous results for the rectangular sample (3) at an electric field node, we obtain the final results in the form
with (6) and (7) In the discussion so far, the assumption has been made that the sample is sufficiently long that the field at the surface, R o , is the same as the field at the same site in the absence of the sample. In actual experimental cases this condition may not be met and the field at the sample surface may be modified by demagnetization fields. In such cases, some apprOximation to the demagnetization field must be included when calculating shifts and losses.
III. RESULTS AND DISCUSSION
First, we discuss the cavity loss and shift produced by the introduction of the sample studied above. The complex quantity 1/ 1 0 has been calculated for representati ve values of the reduced dimensions of the sample. In Fig. 2 , plots are given of the real and imaginary parts of 1/10 which determine the cavity shift and loss factors, respectively. For a' "" 100 the plots of Re1/l0 and Im1/l0 vs b' are indistinguishable from those appropriate to the infinite plate. The infinite plate was first studied by Bloembergen 13 ,14 for application to magnetic resonance studies. For smaller a' we note several effects:
(a) For any given thickness of sample we find the asymptotic limit of 1/10 for infinite length by referring to the curves for a' "" 1 00. Then we observe that as the samples are made smaller in length, departures from skin-limited behavior appear, e.g., at a'=10 the loss deviates significantly from being proportional to 1 /b' .
(b) The shift function, which represents the rf magnetic energy excluded from the sample, is reduced as the sample length is made smaller. Unlike the case of the loss function, the reduced length is always a singlevalued function of the shift (for a given reduced thickness). Thus a determination of conductivity by a shift measurement may be less ambiguous.
In paramagnetic resonance studies a slowly varying uniform magnetic field is applied and one observed the change of eddy current loss as the field is swept through the resonance in X. The absorption signal of first order in X is proportional to the quantity Im(X?/!1) = (X '1/1;' + X II 1/1{) , where the prime and double prime indicate real and imaginary parts, respectively. We have studied this line shape for the case of a purely Lorentzian susceptibility. For a general linear admixture of the Lorentzian X' and X" there are three extrema in the derivative of the absorption spectrum, two Significant and the third small and often undetected experimentally. We have calculated the ratio of the largest to the second largest peak height, A/B, and refer to this quantity as the line anisotropy. In Fig. 3 , we plot the line anisotropy as a function of sample dimension b', for a' = 100, 10, 5, and 1.
As noted by other workers, 14,3 the anisotropy of the EPR absorption line is a maximum for sample thickness a' = 3. 75 (or a = 2. 65 A, where A is the appropriate skindepth), and has an asymptotic value of 2.56 for a' -00.
This behavior, characteristic of the infinite plate, is modified Significantly if the thickness is diminished below a' = 10. For a' -::;5, the peak of A/B vs thickness is completely lost.
The EPR anisotropy and the microwave loss function are both multivalued functions of the reduced thickness for samples in which both dimenSions are larger than roughly seven times the appropriate skin depths. For these samples, both EPR anisotropy and eddy current loss peaks occur at thickness a' = 3. 75, for b' > 3, 75.
IV. APPLICATION TO TTF-TCNQ
In Table I, samples of TTF-TCNQ at 300 and near 60 K. To estimate the effects studied in Sec. III, we consider the values appropriate to typical samples, which display a conductivity increase of a factor of 20 as the temperature is lowered from 300 to 58 K. Figure 4 shows the dimensions of a typical sample and also a smaller sample that might be considered in microwave experiments. The appropriate dimensionless parameters a' and b' are given in Table II .
The preferred orientation of the magnetic field for probing the high conductivity Cl bo is depicted in Fig. 4 . At first sight one might be tempted to apply Ho parallel to cS. However, in the limit of very large Cl bo ' the rf field would be expelled and the field in the vicinity of the sample would be greatly distorted. In this case the power dissipation would be associated with a Poynting vector flux parallel to C6, which is not in accord with the conditions of the present analysis. The ideal approximation to two-dimensional geometry would occur for a sample with a o » b o and a o » cri, and an applied rf field parallel to a o as shown in the figure. Calculations have been performed for the two sets of sample dimen- The dimensionless parameters a' and b' relating to the analysis of Sec. II are given in Table II . Referring these to the graphs of Fig. 3 , we obtain the EPR line anisotropies, also given in Table II . With measured values of the dc conductivity, and reasonable sample dimensions, we predict an EPR line shape corresponding to strong skin-depth limiting of the microwave penetration, for reasonable sample sizes.
Consideration has been given to the fact that the relative dielectric constant Eao reaches the value of 150 at 58 K. For the orientation selected here, there would be a contribution from the other dielectric constant Ec:' In the absence of information of this quantity we have calculated the EPR anisotropy with the value Ec~ = 150 to get an estimate of the greatest possible modification which the inclusion of displacement current might produce. The results with typical conductivities at 60 K are shown in Fig. 5 . We see that the effect of including a small fraction of displacement current is equivalent in effect to making the sample appear to be thicker and thus more like the skin-depth-limited case. However, for typical values of conductivity and sample dimenSions, b' > 10 for all temperatures. Thus the asymptotic limits are reached and the displacement current will give no detectable contribution.
There is much interest in the conductivity peak of TTF-TCNQ at 58 K. In this analysis we have shown that, for infinite plates with cross sections of the dimensions of typical samples, the conductivity at room temperature is suffiCiently high that skin-limiting conditions apply; an EPR line anisotropy AlB close to 2.6 would be observed. Higher conductivities would not modifY this result. In a future publication we will report on calculations for finite samples, in which we find that rf demagnetizing fields are not totally excluded from the samples. In these cases the anisotropy AlB is reduced at room temperature and rises slowly to 2. 6 as the temperature is lowered. This is in agreement with preliminary experimental results found by Chang at this laboratory. It appears that the observed EPR line shape anisotropy can be explained without the necessity of invoking giant conductivity peaks.
